Abstract. Total ozone column measurements can be made using Brewer sprectrophotometers which are calibrated periodically in intercomparison campaigns with respect to a reference instrument. In 2003, the Regional Brewer Calibration Centre for Europe (RBCC-E) was established at the Izaña Atmospheric Research Centre (Canary Islands, Spain) and since 2011 it transfers its own calibration, mainly to other European Brewers, using the Brewer #185 as travelling reference. This work is focused on reporting on the stability of the measurements of the RBCC-E Triad (Brewers #157, #183 and #185) made at the 5 Izaña Atmospheric Observatory during the period 2005 -2016. In order to study the long-term precision of the RBCC-E Triad, it must be taken into account that each Brewer performs a large number of measurements every day and, hence, it becomes necessary to calculate a representative value of all of them. This value was calculated from two different methods previously used to study the long-term behaviour of the World Reference Triad (so-called Toronto Triad) and Arosa Triad. Applying their procedures to the data from the RBCC-E Triad allows the comparison of the three instruments. In daily averages, applying 10 the procedure used for the World Triad Reference, the RBCC-E Triad presents a relative standard deviation equal to σ=0.41% which is calculated as the mean of the individual values for each Brewer (σ 157 = 0.362%, σ 183 = 0.453% and σ 185 = 0.428%).
Introduction
The ozone layer is a region of the Earth's stratosphere that absorbs most of the Sun's Ultraviolet (UV) radiation (Anwar et al., 2016) . Historical measurements -pre 1980-indicated that the morphology of ozone was not changing significantly with time. 4, 310.1, 313.5, 316.8, 320.0nm) . In contrast, the wavelength λ0 = 303nm is used for a check routine.
Arosa Triads to study its stability. With this idea in mind, this work has been structured as follows: an approach to ozone retrieval and Langley method is presented in Section 2. The ozone values recorded in the period [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] and datasets used are shown in Section 3. The methods used to calculate the daily ozone value and the results obtained from these values and its discussion are presented in Section 4. Also, this section incluides results of a study on the behaviour of the RBCC-E Triad as a function of SZA range at which the measurements were performed. Finally, the conclusions are presented in Section 5. The standard (so-called DS) routine used to determine the TOC from direct sunlight radiation, measuring the signal intensity in five bands (λ 1−5 = 306. 4, 310.1, 313.5, 316.8, 320 .0nm) which are associated with maximum and minimum O 3 and SO 2 absorption cross sections, see Fig. 1 . Despite that SO 2 presents a more efficient absorption, its lower presence in the atmosphere 10 (5 D.U.) compared to the ozone (200-500 D.U.) causes that the greater absorption of UV radiation is due to the latter (Kerr, 2010) . The intensity measured F ,in raw counts for each wavelength, can be expressed in terms of counts per second, after applying some instrumental corrections (dark counts, dead time and temperature coefficients) and, also, taking into account the contribution of Rayleigh scattering.
Using standard Brewer operational variables, the TOC can be obtained as follows,
where MS9 (so-called double ratio) is calculated as follows, (Brewer, 1973; Kerr et al., 1981 Kerr et al., , 1985 Kipp & Zonen, 2008) .
M S9 = 10
4 i w i log F i = 10 4 (log F 2 − 0.5 log F 3 − 2.2 log F 4 + 1.7 log F 5 )
The ozone absorption coefficient, α, is calculated from dispersion test (Redondas et al., 2014a) α = 10 4 i w i log α i = 10 4 (log α 2 − 0.5 log α 3 − 2.2 log α 4 + 1.7 log α 5 )
where α i represents the band intensity calculated for each wavelength indicated in Fig. 1 .
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The weights, w i = (−1, 0.5, 2.2, −1.7) and the wavelengths, λ i = (310.1, 313.5, 316.8, 320.0nm), used have been especially selected to suppress the aerosol and SO 2 effects in the measured signal (Dobson, 1957; Kerr et al., 1981) . These w i and λ fulfill the equations 4 and 5 ensuring that any linear effects with wavelength are suppressed and also allow to minimize any small shift in wavelength and the influence of SO 2 on the ozone retrieval.
It is important to note that the factor 10 4 introduced in Eq. 2 is because the Brewer algorithm works in an internal base 10 logarithmic space multiplied by this factor. A more extensive description about dispersion test and the mathematical procedure to calculate the ozone concentration can be found in (Gröbner et al., 1998; Kipp & Zonen, 2008) . Finally, the ET C (so-called
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Extra-Terrestrial Constant) must be calculated directly using the Langley-technique or transfers by comparison with a reference instrument.
Langley calibration method for the RBCC-E Triad
The Langley-technique is the most popular procedure to estimate the extraterrestrial constant ET C. In practice, with respect to TOC measurements, the ET C can be calculated directly fitting a linear equation to the M S9 values respect to air mass µ:
or using the Dobson method (Dobson and Normand, 1958; Komhyr et al., 1989) :
where ∆ ET C represents the variation of this parameter respect to a reference value.
Both equations can be used to calculate the ET C value to be used in Eq.1 but Eq.7, where the slope is inverse to µ, has the advantage of presenting a better data distribution (Kiedron and Michalsky, 2016) . This is because the number of measurements 5 performed at low air mass (1 ≤ µ ≤ 2) are more than those at large air mass (µ ≥ 2). Although all measurements could be used for this calculation, experience suggests that is better to select a subset of measurements. The days with a high aerosol optical depth concentration, i. e. during Saharan dust intrusions, are removed from this study with the help of data reported by other instruments.
The methodology used is essentially the same as described in (Redondas, 2008; Redondas et al., 2014b 4. This daily standard deviation limit (2.5 DU) are used to select the Langley events.
5. MS9 double ratios are corrected for filter non linearity.
It is important to indicate that despite selecting the better days when the ET C values obtained for different days are compared, these present a standard deviation around ± 5. This difference is considered normal and the ET C introduced in Eq. 1 20 corresponds to the ET C mean. Although the median can be another option to get the ET C, the previous criteria guarantee that the difference between both methods are not significantly.
Aside from the interest to determine the TOC, the ET C is considered as a probe to check the correct state of the instrument.
The ET C calculated from the Langley method presents a near constant value (std. ± 5), changing only when the instrument recalibrates. This may happen, for example, after replacing a damaged component or due to normal drifts by its continued 25 operation. In both cases, and after a stabilization period, a new ET C value can be calculated.
As an example, Fig. 2 shows the operative value of the ET C for the Brewer #183 during the year 2011. The vertical lines represent situations which can produce a change in the behaviour of the instrument, while the horizontal line represents the operative ET C used to calculate the TOC (Eq.1). As it can be observed, the ETC changed twice, the first time by maintenance tasks (performed by IOS service in July 2011), and the second time due to changes in the Brewer configuration (to be more precise, changes in the so-called "Cal-Step" in August 2011). On the contrary, during the maintenance tasks (June 2011) or after UV calibration in our facilities (November 2011), the ETC remained constant. Only the Langleys that satisfy the conditions indicated in Sect. 2.2 are used to calculate the weekly mean. Other examples of events that may affect the ETC can be found in the calibration campaign reports Redondas and Rodriguez-Franco, 2016) .
When a new ET C is given, the TOC calculated from it can be compared with the data obtained by other instrument with 5 similar precision. This can be a strategy to check if the new ETC is correct. At the RBCC-E Triad, this task is simple because the Brewers are constantly compared to each other, allowing to identify the exact moment when a Brewer needs a new calibration.
In addition, the traceability between the RBCC-E and the World Reference Triads is checked in the calibration campaigns, organized by the RBCC-E, comparing the data of the travelling references: Brewers #185 and #017. The results of these comparisons are shown in the calibration campaign reports Redondas and Rodríguez-Franco, 2015; 10 Redondas and Rodriguez-Franco, 2016).
Ozone and Dataset selected
In order to summarize the history of the RBCC-E Brewers, Table 1 provides the total number of days and measurements performed by these instruments since they became operational at IZO and as long as the weather conditions allowed them to operate. Fig. 3 shows the daily and monthly TOC means measured by Brewer #157. The ozone presents an annual cycle with a sawtooth profile with maximum and minimum values in spring and autumn, respectively. Despite this annual behaviour, the ozone presents a lower daily variability as indicated by our measurements. This factor, together with a thermal inversion which produces an atmosphere free of anthropogenic pollutants and excellent weather conditions all the year, except for days with dust intrusions, explain why Izaña Atmospheric Observatory is an excellent location for a Brewer reference centre and, also, in the period 2005-2016 while Dataset 2 only considers simultaneous measurements from 2010 onwards. Before 2010, a large part of the measurement time was focused on the UV spectrum, and, hence, there are fewer ozone direct sun measurements in the instrument schedule. This means that the likelihood of finding 12 simultaneous measurements between the three instruments is low, particularly in winter where the presence of clouds is greater. After 2010, The RBCC-E started using the same synchronization schedule in their Brewers. These schedules take into account the sunrise and sunset times of each day and the 5 routines, introduced in it, are distributed in function of the solar zenith angle (SZA). Period studied 2005-2016 2010-2016 4 Results and discussion.
The stability of the measurements carried out by the RBCC-E Triad was evaluated from the datasets described in Sect. 3. In the case of the long-term behaviour, it was studied using both datasets, while the short-term behaviour was analyzed using only Dataset 1. The results obtained are shown in statistical terms. To our knowledge, there are only a few publications where the stability of the World Reference and Arosa Triads are analyzed.
In these articles, and due to the large number of ozone measurements performed each day, the authors have calculated a representative value of all of them and, from it, the long-term stability is analyzed (Fioletov et al., 2005; Scarnato et al., 2010; Stübi et al., 2017) . Brewer#183 Brewer#185 Triad where O 3 is the TOC measured and t − t 0 corresponds to the difference between the time of the measurement and the solar noon. The independent coefficient A obtained through the adjustment is used as a representative ozone value of each instrument.
The difference between this coefficient for each Brewer and the Triad mean represents the daily drifts of each instrument. The stability is studied from the relative standard deviation of these differences. In this work, the results using a 3 rd grade polynomial have also been investigated, see Fig.4 . 
where t 0 corresponds to the 12 UTC time. In this case, each Brewer can be characterized by a shift, ∆, which is the daily 10 mean of the difference between the values measured and obtained from the fit and a standard deviation, σ, which evaluates the dispersion of these differences. Both parameters are used to analyze the long-term stability of the Arosa Triad.
In order to compare the long-term stability of the RBCC-E Triad with respect to the World Reference and Arosa Triads, both methods are used to fit our measurements. However, in this work, the time reference t 0 is the solar noon.
Although Eqs. 8 and 9 are valid to model the behaviour of ozone, it should be noted that the normal drifts by its continued 15 operation of the instrument can affect the final value of the adjustment. Given this problem, calculating the daily mean of the measurements can be a good strategy to avoid this inconvenience. In this work, and noting by our measurements that ozone presents a reduced daily variability,see Fig.4 , the mean of the all measurements, N, made by each Brewer was used as a representative value.
The difference between the value obtained for each Brewer and the Triad mean represents the drifts of each instrument.
Although the median can be another possibility to study the behaviour of the RBCC-E Triad, our experience suggests that the mean is robust. Moreover, since 2003, the mean has been used to detect when one of our Brewer loses its calibration, therefore,
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it has been interesting to include it in this work. At this point, it is important to note that for the World Triad Reference as for the RBCC-E, the representative value of each instrument is calculated, directly, from their measurements. In contrast, in the Arosa Triad, the representative value of each instrument (denoted as shift ∆) is calculated with respect to the behaviour of the three instruments, obtained by adjusting to a polynomial of the third degree (see Fig.4 ).
Long-term stability: daily averages
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Following the procedure described by Fioletov et al. (2005) for the World Triad Reference, Datasets 1 and 2 (see Sect. 3) were fitted by a 2 nd and 3 rd grade polynomial. The distribution of the daily difference between the A value, see Eq.8, obtained for each Brewer with respect to the Triad mean are plotted in Fig. 5 . Also, in this plot, the difference calculated from the daily mean of each instrument was included, see Eq.10.
It is important to take into account that the individual coefficients obtained for each Brewer, and also the Triad mean calcu-15 lated from them, depend on the method used. As Fig.5 shows, the histograms that represent the results obtained after applying a polynomial fit are similar regardless of the dataset. This can be explained by the small daily variation of the ozone what causes the 2 nd and 3 rd grade polynomial fit to give very similar A coefficients, see Fig.4 . In contrast, the histograms associated with the daily mean suggest that the differences between the brewers are less. This allows us to conclude that the method selected to evaluate the stability plays an important role, because the Brewer-Triad mean differences are directly associated with it. In 20 this case, it may be more appropriate to use the daily mean to evaluate the RBCC-E Triad. Regardless, independently of the method used, Fig. 5 shows that, for the great majority of days, the Brewers present less than 2 DU of difference with respect to the Triad mean which indicates a good agreement among themselves.
Using the same procedure to evaluate the long-term stability can be the best strategy to compare different triads to each other. In this sense, Fioletov et al. (2005) only reported that the relative daily standard deviation of World triad reference is 25 equal to 0.47%. This value was calculated as the mean of the relative standard deviation of each brewer. Table 3 contains the difference mean, calculated from the mean Brewer-Triad difference plotted in Fig. 5 , and its standard deviation. The RBCC-E Triad presents a relative standard deviation mean equal to 0.41% (σ 157 = 0.362%, σ 183 = 0.453% and σ 185 = 0.428%; see Table 3 , Dataset 1, 4 th column). This result indicates that the dispersion of the measurements of the RBCC-E Brewers presents a similar behaviour to those of the World Triad Reference. Furthermore, the standard deviation values obtained confirm that 30 the daily mean is the best method to evaluate the RBCC-E Triad.
In order to compare the daily behaviour of the Arosa and RBCC-E Triads, a 3 rd grade polynomial was fitted to all the daily measurements made by RBCC-E Brewers for Datasets 1 and 2. Then, for each Brewer its mean shift, ∆, and standard deviation, the values plotted correspond to Brewers #157 and #183. Note that although these data were introduced in Fig. 6 to avoid gaps in the plot, they are not considered in the statistical study. Therefore, the dates evaluated correspond with the days when the full RBCC-E Triad is operative, and the criteria established in Sect. 3 are still used.
As can be observed in Fig. 6 , the results obtained for all instruments in Dataset 1 show a (±0.5) value for the mean shift. Table 4 shows the distribution of percentiles of the mean shift and the standard deviation values plotted in Fig. 6 . The Brewers present a similar interpercentile range P 2.5 −P 97.5 , with a mean value close to 1.1%. This 10 result is consistent with the standard deviation shown in Table 3 for the polynomial fits. In comparison with the Arosa Triad, only Brewer #040 shows a better behaviour than the RBCC-E Brewers while their other Brewers (B#072, B#156) show similar values to ours.
Long-term stability: monthly averages
Although the histogram and the statistical parameters already presented suggest that the long-term stability of the RBCC-E, Table 5 contains the relative standard deviation of the difference between the representative value A of each brewer, calculated from 
Short-term stability
Dataset 1 was used to study the short-term stability of the RBCC-E Triad, with a view to determine in which SZA range the consistence of the measurements is higher. The measurements made by the three Brewers every day were fitted by 3 rd grade polynomial as shown in Fig. 8 . As previously commented, this polynomial represents the behaviour of the triad and allow obtain the TOC as a function of the time. Similarly to the previous study, each Brewer was characterized by a shift ∆. In this 5 case, the data were divided as a function of the SZA. Different SZA ranges were checked, finding that the analysis can be reduced to just three broad ranges:
1. SZA>60º corresponds to the first and last ozone measurements of every day, when solar radiation presents a low intensity and high Rayleigh scattering.
2. SZA<30º corresponds to the measurement in the middle of the day, when the air mass is close to 1 and, hence, there is 10 less Rayleigh scattering.
3. 60º<SZA<30º, the rest of ozone measurements.
In Fig. 8 , the box-plot shows the statistical distribution of the mean shift calculated for the ranges selected. As can be observed, the greatest dispersion values are at low SZA which indicates at solar noon when more discrepancy can be observed between the data recorded by the instruments. This result may seem surprising because in these conditions the solar radiation 15 on the Earth's surface is maximum and the Rayleigh scattering is minimum but it can be easily explained from Eq. 1. In this expression, at low SZA the optical mass, µ, is close to 1 and the ozone absorption α is a constant value. This implies that the The standard deviation calculated from procedure of Fioletov et al. (2005) and Stübi et al. (2017) are not equal but they are similar enough to compare the three triads. In this table, the values introduced for the RBCC-E were obtained from the procedure used by Fioletov et al. (2005) for the World Reference Triad.
denominator takes an almost constant value. Therefore, a small fluctuation (noise) associated with the MS9 values may affect significantly the TOC recorded. In contrast, for the other ranges the denominator takes a significant value and the effect of the noise on MS9 is less, increasing the stability of the measurements. In addition, the Fig. 8 shows that the Brewer #183 presents the poorer results which can be explained if it is taken into account that this instrument was damaged in 2007, and during 2008 it had an irregular operation. Moreover, in 2010, it had a problem with their micrometers (Roozendael et al., 2013 ).
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Conclusions
The consistency of TOC measurements made by the RBCC-E Triad has been studied in order to check its long-term stability 
